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Introduction
Alzheimer disease (AD), the most common age-related neurodegenerative disorder, is characterized by extracellular senile plaques, intracellular neurofibrillary tangles and progressive neurodegeneration. 1 Senile plaques are mainly composed of amyloid β-protein (Aβ), a 39-43 amino acid peptide formed due to sequential cleavage of the amyloid precursor protein (APP) by β-and γ-secretases. 2 Aβ and Aβ are the two most common forms of the peptide, of which the latter is more prone to aggregate, more resistant to degradation and more toxic as compared to Aβ . 3 Aβ monomers can bind to each other forming oligomers and eventually fibrils. 4 Soluble Aβ oligomers are more toxic than monomeric or fibrillar Aβ, being able to induce cognitive deficits and synaptic loss, and thus contribute to the development of AD. 5, 6 Extracellular Aβ plaques are believed to originate from intracellular Aβ, the level of which may be associated with cognitive deficits that precede the development of plaques. 6, 7 Intraneuronal Aβ accumulation at early stages of AD occurs before senile plaque formation and can promote neuronal death. 8 There is accumulating evidence that the autophagiclysosomal system, the principal self-clearance machinery, [9] [10] [11] plays an important role in this process. Three types of autophagy are described in mammalian cells: macroautopagy, microautophagy and chaperone-mediated autophagy. In macroautophagy, portions of the cytoplasm that can include various macromolecules and also organelles, such as mitochondria, The involvement of autophagic-lysosomal system in AD follows from several observations. First, neurons from AD patients contain increased numbers of autophagosomes and lysosomes 15 and show increased expression of lysosomal hydrolases, 16 indicating activation of the autophagic-lysosomal system in this disorder. Second, Aβ generation has been detected within autophagic vacuoles following activation of macroautophagy. 17 Third,
Aβ shows partial accumulation within neuronal lysosomes in transgenic mice expressing both human mutant APP and mutant presenilin-1. 18 Fourth, exogenous Aβ 1-42 is internalized by cultured cells and accumulates within lysosomes, causing lysosomal membrane permeabilization and ensuing apoptotic cell death, 19, 20 in accordance with the previously demonstrated involvement of lysosomes in apoptosis. 21, 22 Less than 5% of AD cases are familial early onset AD (FAD) associated with mutations that alter APP processing resulting in enhanced Aβ generation and/or aggregation. The majority of all AD cases belong to late-onset, sporadic AD (SAD). 23 Oxidative stress is associated with both normal aging and AD. 24, 25 It is reported that oxidative damage is one of the earliest changes in AD and plays an important role in the development of the disease. 26 Furthermore, Aβ has been shown to exert neurotoxicity by increasing neuronal sensitivity to oxidative stress. [27] [28] [29] In AD, levels of oxidative stress and protein oxidation increase predominantly in cognition-associated Aβ-rich regions, such as the cortex and hippocampus. 30 Evidence indicates that a long, gradual accumulation of oxidative damage precedes the appearance of clinical and pathological AD symptoms, including Aβ deposition, neurofibrillary tangle formation, metabolic dysfunction, and cognitive decline. 31 Consistent with the role of oxidative stress in AD pathogenesis, some studies report beneficial effects of antioxidant intake on the risk for AD. 32 The relationship between oxidative stress and the autophagic-lysosomal system in AD is not well understood. We have previously shown that mild chronic oxidative stress (normobaric hyperoxia) results in increased numbers of autophagic vacuoles and intralysosomal accumulation of Aβ in retinoic acid (RA) differentiated neuroblastoma cells. 33 Furthermore, using human embryonal kidney (HEK) cells, we demonstrated that increased cellular Aβ production is associated with enhanced oxidant-induced intralysosomal Aβ accumulation, causing apoptotic cell death through lysosomal destabilization. 34 In this study,
we investigated the effects of normobaric hyperoxia and APP overexpression on lysosomal Aβ accumulation and cell viability, using RA-differentiated SH-SY5Y neuroblastoma cells. We
show that SH-SY5Y cells overexpressing APP are characterized by both enhanced oxidative stress and enhanced macroautophagy, resulting in increased intralysosomal accumulation of monomers and oligomers of Aβ and consequent apoptosis. Moreover, specific inhibition of the lysosomal degradation and -secretase suggest that intralysosomal accumulation of Aβ resulted to a large extent from its macroautophagic uptake, although APP processing within autophagic vacuoles can occur as well. 17 The deleterious effects of normobaric hyperoxia were more pronounced in cells overexpressing the Swedish FAD mutation (APPswe) compared to those with wild type APP (APPwt), and were prevented by the inhibition of macroautophagy using 3-methyladenine (3MA) or siRNA against the autophagy-related protein ATG5. These data provide further support for the interactive roles of oxidative stress and autophagy in AD. Increased production of APP and Aβ under hyperoxia. When SH-SY5Y cells were exposed to hyperoxia (40% oxygen) for 5 days, the levels of intracellular APP increased as compared to those observed under normoxic (8% oxygen) conditions. This was the case for all cell lines studied, with significantly higher levels seen in APPwt and APPswe cells, P<0.05.
Results

Intracellular
( Figs. 2A and B) . As indication of non-amyloidogenic APP cleavage, 35 the ratio of αAPP fragments in conditioned media against full intracellular APP (holoAPP) was calculated. After cultivation of cells in either normoxia or hyperoxia for 5 days, the media was collected, and both secreted αAPP and holoAPP were detected by western blotting using 6E10 antibodies.
Under normoxia, the ratio αAPP /holoAPP was considerably higher in APP-overexpressing Immunofluorescence microscopy using antibodies against Aβ or A11 (anti-Aβ oligomers) showed increased immunoreactivity in all cell lines exposed to hyperoxia for 5 days. These increases were particularly notable in APPswe cells (Figs. 2E and F).
APP overexpressing cells show increased reactive oxygen species production and decreased viability. We next studied the sensitivity to hyperoxia of APPwt and APPswe cells, by analyzing intracellular ROS production and apoptosis induction. Intracellular ROS levels (as assessed by DCF oxidation) significantly increased under hyperoxia in all cell lines studied, being the highest in APPswe cells and the lowest in vector controls (Fig. 3A) .
Interestingly, the addition of the autophagic inhibitor 3MA to the culture medium decreased ROS generation by approximately 50% in all cell lines exposed to hyperoxia (P<0.05, data not shown). Fig. 1 ). Moreover, the ratio of phosphorylated p70S6K (P-p70S6K) to total p70S6K decreased in all cells lines after exposure to hyperoxia, being the lowest in APPswe cells (Figs. 4E and F). These findings suggest that both APP overexpression and hyperoxia enhanced macroautophagy, resulting in the upregulation of the lysosomal system.
We next investigated the possibility that the increase of LC3-II seen in APPoverexpressing and hyperoxia-exposed cells was associated with decreased autophagy flux due to impaired lysosomal degradation. Cells were exposed to the lysosomal protease inhibitors E64d and Pepstatin A, both inhibiting LC3-II degradation. 14, 36 This resulted in an even higher increase of LC3-II, suggesting a true upregulation of macroautophagic activity Analogous studies were performed using specific antibodies for Aβ oligomers (A11). As seen in figures 8B and D, the results were comparable to those obtained with Aβ 1-42 and Aβ antibodies. These data demonstrate that both APP overexpression and hyperoxia induced intralysosomal accumulation of Aβ (both monomeric and oligomeric) through the macroautophagic pathway.
Suppression of lysosomal proteases by E64d and pepstatin A resulted in further increase
of intralysosomal Aβ 1-42 ( Fig. 8E ). This suggests that intralysosomal Aβ accumulation resulting from APP overexpression + hyperoxia is likely associated with enhanced autophagic uptake of APP and/or Aβ, rather than with the inhibition of lysosomal degradation.
To further support this hypothesis, we exposed APPswe cells to siRNA against ATG5, a protein specifically required for macroautophagy. 38 As seen in figure However, since we also noted an overall decrease of Aβ levels (both cytosolic and lysosomal) after simultaneous inductions of autophagy and γ-secretase inhibition, the co-existence of intralysosomal APP processing is also plausible.
Aβ aggregation is pH-dependent, and oligomerization seems to be more rapid at a low pH. 39 To investigate if Aβ oligomerization takes place inside the lysosomes, or if Aβ oligomers are delivered through autophagy, we increased lysosomal pH with NH 4 Cl and exposed cells to hyperoxia for 3 days. No significant changes in the number of cells with Aβ oligomer-containing lysosomes were found after NH 4 Cl treatment, although a slight decrease (approximately 10%) was noted. These results suggest that, under hyperoxia, the majority of intralysosomal Aβ oligomers were taken up through autophagic pathway. 
Discussion
According to the free radical theory of aging, normal aerobic metabolism results in unavoidable ROS-induced molecular damage leading to aging and age-associated disease, including AD. 24, 40 In our study, RA-differentiated SH-SY5Y human neuroblastoma cells that overexpress APP (APPwt or APPswe) were exposed to chronic mild oxidative stress by normobaric hyperoxia (40% ambient oxygen). These cells produced increased quantities of APP and Aβ and showed decreased viability under oxidative stress conditions, as compared to vector control cells. Both APPwt and APPswe cells, especially the latter, also showed enhanced intracellular ROS production and increased macroautophagy. These effects were particularly pronounced under hyperoxia, but some minor oxidative damage was also observed under normal oxygen conditions. The enhanced sensitivity of cells to oxidant- Indeed, increased macroautophagy resulted in the intralysosomal accumulation of APP, some of which is probably processed to Aβ as previously described. 17 We showed that inhibition of -secretase during autophagic induction by hyperoxia caused only a minor decrease in the number of lysosomes containing Aβ, either monomers or oligomers. In contrast, inhibition of -secretase prior to autophagy induction resulted in a substantial decrease of Aβ in the lysosomes, suggesting that, in our paradigm, a large part of intralysosomal Aβ was delivered through macroautophagy. However, since simultaneous inductions of autophagy and γ-secretase inhibition also caused some decrease of Aβ levels in the lysosomes and cytosol, intralysosomal production of A from APP (previously demonstrated by Yu et al. 17 ) probably occurs as well. Such possibility is supported by our finding of enhanced intralysosomal APP accumulation due to hyperoxia.
The lack of colocalization of Aβ and Rab5 suggests that the intralysosomal Aβ did not originate from previously secreted Aβ that could enter cells via endocytosis. Nevertheless, Aβ has been found in many intracellular sites, such as mitochondria, lysosomes, endosomes, cytosol, ER and Golgi complexes. 6 Any of these intracellular sites could be the source for macroautophagic delivery of Aβ to lysosomes seen in our system.
It has been suggested that the acidic lysosomal environment can promote formation of Aβ oligomers and protofibrils 39 and that intralysosomally accumulated Aβ damages lysosomal membranes, resulting in the leak of acid hydrolases into the cytosol and apoptotic death as described in our previous study. 34 In support of these results, we show that the prevention of intralysosomal Aβ (Aβ 1-42 and oligomeric Aβ) accumulation by macroautophagy inhibition rescued the cells. Surprisingly, the increase of lysosomal pH using NH 4 Cl resulted only in a slight decrease in intralysosomal oligomeric Aβ. It is possible that NH 4 Cl treatment did not affect Aβ oligomerization outside the lysosomal compartment, and these oligomers would have been delivered to the lysosomes through autophagy. Also, it has been demonstrated that membranes of different cellular compartments, such as the lysosomal membrane, can initiate Aβ aggregation regardless of pH. 41 Thus, when Aβ gradually accumulates intralysosomally, its concentrations can finally reach levels resulting in aggregation. 42 Ling et al 43 demonstrated that the lysosomal system in Aβ expressing Drosophila flies loose degradative capacity with aging and that autophagy induction in the aged flies decreased their survival. In the human brain, there is a massive accumulation of undegraded material within autophagic vacuoles in dystrophic neurons, indicating an impaired lysosomal function. 17, 44 Thus, it is possible that the increased intralysosomal Aβ seen in hyperoxia could be the consequence of deficient lysosomal degradation. To explore this possibility, we inhibited lysosomal proteases with E64d and pepstatin A, which resulted in enhanced accumulation of intralysosomal Aβ. Since E64d and pepstatin A are also  and -secretase inhibitors, respectively, 45, 46 we found an overall decrease in cytosolic A (data not shown).
These results are in agreement with the conception that at least some lysosomal degradative capacity was still present under hyperoxia.
Why do APP-overexpressing cells show elevated ROS production and increased macroautophagy? The most plausible explanation is that Aβ acts as a pro-oxidant. 27, 28, 47 Because APPwt and APPswe cells produce more Aβ than vector controls, they would also generate more ROS under the same environmental conditions. Oxidative stress, in turn, can increase APP and Aβ formation, as shown in this report and our earlier observation, 34 Normally, macroautophagy sequesters damaged organelles and large protein aggregates into autophagolysosomes where cargos are efficiently degraded, and autophagy vesicles are rarely observed in healthy neurons. 9, 54 In the early stage of AD, moderately active autophagic-lysosomal system is needed for increased organelle and protein turnover in damaged and regenerating neurons, promoting their survival. 55 However, in advanced AD, oxidative stress induces overactive autophagy, and age-dependent lysosomal degradative failure can cause Aβ overload of lysosomes, resulting in apoptosis. Since the autophagiclysosomal system plays different roles in healthy and diseased neurons, 10 possible therapies based on autophagy modulation require careful targeting of specific steps involved in the pathway to achieve efficient digestion. 37 The macroautophagy inducer rapamycin has been reported to reduce Aβ and tau pathology and improve learning and memory in animal model of AD, when lysosomes maintained good digestive function. 51 However, when lysosomal digestive ability is suppressed, stimulation of autophagy may accelerate the course of the disease, while its inhibition may prevent the intralysosomal accumulation of Aβ and other toxic materials, promoting cell survival.
In summary, our results indicate that macroautophagy-generated intralysosomal increase of Aβ is essential for oxidant-induced apoptosis, providing additional support for the interactive role of oxidative stress and the lysosomal system in AD-related neurodegeneration.
Materials and methods
Cells and culture conditions. Human SH-SY5Y neuroblastoma cells were obtained from the American Type Culture Collection (ATCC, CRL-2266™) and stably transfected with an empty pcDNA 3.1 vector containing a cytomegalovirus promoter, or wild-type APP695 (APPwt), or APP Swedish KM670/671NL double mutation (APPswe) using Lipofectamine TM2000 according to the manufacturer's (Invitrogen, 11668027) instructions. Overexpression of APP was confirmed by western blotting and fluorescence microscopy ( Fig. 1 ). After 24 hours, the culture medium was changed to the serum-free OptiMEM1 (Invitrogen, 51985-026) supplemented with 10 µM RA and 200 μg/ml geneticin. The cells were divided into two groups: 1) cells cultured under normoxia, i.e., 8% O 2 , 87% N 2 and 5% CO 2 ; 2) cells cultured under hyperoxia, i.e., 40% O 2 , 55% N 2 and 5% CO 2 (chronic oxidative stress).
Transfected cells were cultured in Minimum Essential
In some experiments, for the increase of lysosomal pH, cultures were treated with 10 mM ammonium chloride (NH 4 Cl, Sigma, 443093) for 3 days. Western blot analysis. Detection of α-secretase processed APP (α-APP) was performed as previously described. 56 75 µl medium of each sample was loaded to the gels.
Immunoblotting was performed as described elsewhere 57 The relative amount of protein corresponding to an immunoreactive band was calculated as a product of average optical density of the band by its area and expressed in arbitrary units.
Immunofluorescence microscopy. Cells were prepared for immunocytochemistry as described earlier 33 . Formaldehyde-fixed cells were incubated with primary antibodies against cells cultured under hyperoxia for 3 days. 2) Cells exposed to hyperoxia and DAPT for 3 days.
3) Cells pretreated with DAPT for 1 day, and then exposed to hyperoxia and DAPT for 3 days. Aβ oligomers (using A11 antibody, red fluorescence). Nuclei were stained by DAPI (blue fluorescence). Note the increased immunoreactivity in hyperoxia-exposed cells for both Aβ and Aβ oligomers (n=3). Bars, 30 μm. containing Aβ oligomers significantly decreased after 1 day DAPT pretreatment followed by 3 day exposure to hyperoxia and DAPT , in comparison to controls (P<0.05, n=3, asterisks).
